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Abstract 
The objectives of this doctoral research involve the development of tools, in 
particular micro-nano devices for the study of mechanical properties of single living 
cells and for the analyses of mechanosensitive ionic channels (MSCs).  
BioMEMS (Biological Micro Electro Mechanical Systems) have been devised 
and used to investigate MSCs and the cell mechanics in a completely innovative 
way. Living cells in adhesion can be studied in a physiological condition; the 
mechanical stretch can be controlled and measured; the MSCs activity can be 
evaluate using different techniques from patch clamp to AFM (atomic force 
microscope) or fluorescence essays. 
Silicon BioMEMS have been designed and tested to evaluate morphological 
modifications of the stretched cells, and hysteretic behavior has been assessed. 
However, since they are not transparent, the use of this devices has been limited.  
Also completely transparent devices have been designed and microfabricated. 
These BioMEMS will allow testing cells and combining measurements of the 
mechanical properties, the cell’s morphology (with optical systems and atomic force 
microscopy), and MSCs activity (with patch clamp and/or conductive AFM). 
In this doctoral research, BioMEMS have been devised and realized, the 
measurement set-up optimized and a surface treatment protocol developed.  
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Introduction 
In this doctoral thesis I will present a new approach for the study of 
mechanosensitive ion channels (MSCs) and mechanical cell properties.  
The biological investigation of cells can be carried out at different levels. It can 
be performed in vivo or in vitro, it is possible to study organs, tissues, populations or 
single cells. At every level different information can be extrapolated and each step 
allows a better cell physiology understanding and will help to study what is involved 
in cell degeneration due to different diseases (i.e. cancer, gene mutations, etc.).  
Some particular conditions are well known to induce cellular cytoskeleton 
modifications. An interesting case is related to the medical progress of dilative 
cardiomyopathy. This degenerative disease induces modifications of both, the heart 
dimension and elasticity. These characteristics can be observed not only at the 
organ level but also at the cellular level. In Figure 1 it is possible to appreciate the 
different cytoskeleton structure of a “healthy” cardiomyocyte and of a cardiac cell 
extracted from an ill organ. Being able to exactly quantify the differences in elasticity 
of the two cells can be useful for investigating the effects of different drugs 
treatment for disease curing.   
The cytoskeleton is a complex network of microfilaments, intermediate filaments 
and microtubules which can be rendered using a theory called tensegrity (tensional 
integrity), model first promoted in 1993 [1]. Following this theory the previously 
mentioned network can be seen as a complex system of springs and struts 
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connected one to each other in nodal positions and following viscoelastic rules. A 
general tensegrity model for a cell in suspension is presented in Figure 2. 
                           (A) 
  
 
(B) 
 
  
(C) 
 
  
 
Figure 1: (A) Cartoon (modified from [2]) which highlights the differences between a 
normal heart and hearth affected by dilative cardiomyopathy. (B) Normal 
cardiomyocytes, and (C) cardiomyocytes with mutant desmin (stained in green).  
 
We decided to follow this engineeristic approach for the study of single cells. 
The goal is to provide researchers with a tool for the study of the cells behavior 
subjected to different kind of mechanical stimulations. A system based on 
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BioMEMS, acronym that stands for Biological Micro Electro Mechanical Systems, 
have been developed in order to stretch a single cell. 
  
 
 
Figure 2: Tensegrity model for a single cell. [3] (A) Snelson sculpture. (B) A schematic 
diagram of the complementary force balance between tensed microfilaments (MFs), 
intermediate filaments (IFs), compressed microtubules (MTs) and the ECM in a region 
of a cellular tensegrity array. Compressive forces borne by microtubules (top) are 
transferred to ECM adhesions when microtubules are disrupted 
(bottom), thereby increasing substrate traction. 
 
Furthermore, degenerations of mechanosensitive ion channels are a partially 
unknown field and devise a tool able to investigate their activity in physiological 
conditions can help to understand the course of the diseases and the role of drug 
treatments in their the cure. The BioMEMS, designed and realized during this 
doctoral research, will allow to applying a controlled deformation of the cellular 
membrane and record the activity of MCSc of cells in adhesion subjected to a 
mechanical stimulation. 
MSCs are membrane proteins whose gating can be altered by mechanical 
forces leading to the generation of an anionic current and subsequent 
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transformation of the mechanical stimulus into an electrical and biomechanical 
response [4]. Very few information are known about their activation and role. One of 
the main issues in the study of MSCs is that the local stimulus cannot be easily 
measured. Usually the activity of ion channels can be investigated using patch 
clamp techniques or with the analyses of ion transients using fluorescent dyes. 
The approach presented in this thesis is based on the realization of devices 
capable to perform a mechanical and controlled stimulation on single cells in 
adhesion, devices that can be coupled with patch clamp analyzers and conductive 
atomic force microscopes (AFM) to perform cell analyses such as fluorescent 
measurements, morphological and electrical investigations. The use of BioMEMS 
allows investigating MSCs in a completely innovative way. Living cells in adhesion 
can be studied in a physiological condition; the mechanical stretch can be controlled 
and measured; the MSCs activity can be evaluated.  
First BioMEMS prototypes have been realized using a commercial technique 
called PolyMUMPs. The devices have been tested with single cells and data about 
the changes in cell morphology during the stimulation have been recorded and 
analyzed. The limitation showed by this technique (materials choice, thickness of 
the layers and order of deposition; a detailed discussion will be presented in 
Chapter 3) convinced us to implement a different microfabrication process. At the 
end we have been able to produce a completely transparent devices, more versatile 
and useful for coupled analyses: not only mechanical stimulation but mechanical 
stimulation coupled with atomic force microscopy, patch clamp, fluorescence 
assays, etc. 
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1.1 Cellular membrane  
The cellular membrane is composed by a bilayer of phospholipids. In a 
phospholipid, two fatty acid chains are bound to a phosphate group. The phosphate 
group containing oxygen and is highly polar and is hydrophilic while the fatty acid 
chains are nonpolar and so hydrophobic. Molecules such as phospholipids that 
contain both polar and nonpolar portions are said to be amphipathic.  
 
Figure 1: Drawing of a phospholipid. It can be schematized as a hidrophilic polar head 
with hidrophobic, non polar, tails. 
Four different phospholipids are located in the cellular membrane and are 
asymmetrically distributed between the two halves of the membrane bilayer. The 
outer leaflet consists mainly of phosphatidylcholine and sphingomyelin, whereas 
phosphatidylethanolamine and phosphatidylserine are the predominant 
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phospholipids of the inner leaflet. A fifth phospholipid, phosphatidylinositol, is also 
localized to the inner half of the plasma membrane. The head groups of both 
phosphatidylserine and phosphatidylinositol are negatively charged, so their 
predominance in the inner leaflet results in a net negative charge on the cytosolic 
face of the plasma membrane.  
Glycolipids and cholesterol are also present in the cellular membrane. 
Glycolipids are relatively minor membrane components, constituting only about 2% 
of the lipids of most plasma membranes while cholesterol is a major membrane 
constituent of animal cells, being present in about the same molar amounts as the 
phospholipids. 
Two general features of phospholipid bilayers are critical to membrane function.  
1. The structure of phospholipids is responsible for the basic function of 
membranes as barriers between two aqueous compartments. Because the 
interior of the phospholipid bilayer is occupied by hydrophobic fatty acid chains, 
the membrane is impermeable to water-soluble molecules, including ions and 
most biological molecules.  
2. Bilayers of phospholipids are viscous fluids and the fatty acids of most natural 
phospholipids have one or more double bonds, which introduce kinks into the 
hydrocarbon chains and make them difficult to pack together. The long 
hydrocarbon chains of the fatty acids therefore move freely in the interior of the 
membrane, so the membrane itself is soft and flexible. In addition, both 
phospholipids and proteins are free to diffuse laterally within the membrane, a 
property that is critical for many membrane functions. 
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1.1.1 Membrane proteins: Ion Channels 
Specialized proteins in cell membrane play a fundamental role in the transport 
of molecules or ions into or out of cells through active, facilitated or passive 
transport. Other roles are related to cell recognition, receptors and cell to cell 
communication.  
The flux of ions and molecules is related to the presence of ionic channels, 
carriers and ionic pumps. This transport can be (i) active, if metabolic energy is 
needed, or (ii) passive if the transport is due only to chemical or electrochemical 
gradient. 
Ion channels work as passive carriers and can have different selectivity for 
different ions (such as Na
+
, Ca
+
, K
+
, Cl
-
, H
+
). The transition from an opened 
conformation to the closed and vice versa is a probabilistic event. They can be 
classified depending on the activation process in:  
 voltage operated channels (VOC), variation in the potential charge of 
the membrane induce the opening or the closing of the channel; 
 receptor operated channels (ROC), activated by the interaction with 
an extracellular ligand; 
 second messenger operated channels (SMOC), activated by the 
interaction with intracellular ligands present in the cytosol or in the lipid 
bilayer; 
 mechanosensitive channels (MCSc), the opening probability depends 
on the deformation of the cellular membrane [1]. 
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The main goal of this research involve the realization of proper tools for the 
investigation of mechanosensitive ion channels.  
1.1.1.1 Mechanosensitive channels 
Eukaryotic and prokaryotic cells experience a huge variety of mechanical stimuli 
from thermal molecular agitation to osmotic pressure gradients. Thus 
mechanosensitivity is a universal property of cells and in particular for multicellular 
beings is used as sensory input to provide information about hearing, touch, 
kinesthesis, hormones regulation or growth of bones and muscles [2]. The external 
forces applied to single cells are a function of its size and relationships with other 
cells. Cells can be determined in cell shape, growth gradient, motility and adhesion 
by their specific activities within a body. They can be subjected to internally 
generated forces such as actin polymerization inside of the cytoskeleton, the rising 
of the hydrostatic pressure or molecular motors, such elements play an important 
role in cell life and are related to cell growth, shape, mobility and adhesion [3] [4]. 
Giving a theoretical definition of MCSc is not easy, for their description the  
empirical definition is used: MCSc are membrane proteins activated by the 
membrane. Mechanosensitive ion channels can be divided into three groups (even 
if this classification is not universally accepted): (i) stretch activated channels 
(SACs), (ii) stretch inactivated channels (SICs) and (iii) pressure activated channels 
(PACs) (see Figure 2).  
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Figure 2: Scheme of SACs and SICs mechanosensitive ion channels. The dimensions 
of SACs and SICs channels change in function of the gating. If the open states are 
larger than the closed states, the MSC is a SAC otherwise is a SIC. Modified from [2]. 
1.1.1.1.1 MSCs in Prokaryotic cells 
Prokaryotic cells are organisms of the kingdom Monera (or Prokaryotae, see 
Figure 3), comprising the bacteria and cyanobacteria, characterized by the absence 
of a distinct, membrane-bound nucleus or membrane-bound organelles, and by 
DNA that is not organized into chromosomes. Their genetic information is in a 
circular loop called a plasmid. Bacterial cells are very small, roughly the size of an 
animal mitochondrion (about 1-2µm in diameter and 10 µm long). Prokaryotic cells 
feature three major shapes: rod shaped, spherical, and spiral. Instead of going 
through elaborate replication processes like eukaryotes, bacterial cells divide by 
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binary fission. Unlike eukaryotic cells that depend on oxygen for their metabolism, 
prokaryotic cells enjoy a diverse array of metabolic functions (sulfur based). 
 
Figure 3: Drawing of a prokaryotic cell. 
 
Figure 4: MscL-channel activities observed by patch-clamp analysis of liposomes of 
phosphatidylcholine/phosphatidylserine (8:2) after reconstituting the purified protein. 
Note the obvious increase in open probability between 30 and 40 mm Hg; also that 
increased suction increases MscL open probability [5]. 
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MSCs have been discovered in prokaryotic cells in 1987: this finding involves 
large spheroplasts of E. coli [6]. A recording of the MSCs can be appreciated in 
Figure 4. 
Berrier in 1996 [7] has been able to identify and to catalog MSCs in E. coli 
focusing on their conductance: MscM (Mechano Sensitive Channels Mini), MscS 
(Mechano Sensitive Channels Small) and MscL (Mechano Sensitive Channels 
Large). MscL are non-selective channels while MscS are selective for cations over 
anions (PCl/Pk ≈3, where P is the permeability to ions for the channel) and MscM 
exhibit a slight preference for cations over anions [6] [7] [8]. MscL and MscM are not 
voltage dependent while MscS need 15mV of potential activity for an opening 
probability [6]. The Boltzman distribution for MscL proteins can be described by the 
following equations: 
( )                 
( )          ⁄    
 ⁄
  
Where ∆G is the free energy, linear function of membrane tension t, ∆G0 is the 
difference in free energy between the closed and the open conformations of the 
channel in the absence of the externally applied membrane tension. ∆A represents 
the difference in membrane occupied area between the open and the closed 
conformation. The work required to keep the MSCs open is represented by t∆A if 
the opening probability of 0<P0<1,    
 ⁄
 represents the pressure in mmHg required 
for 50% opened probability for the channel and α is the channel pressure sensitivity 
in mmHg
-1
 while k is the Boltzmann constant and T the absolute temperature [9].  
1 Ion Channels 
 
8  
 
1.1.1.1.2 MSCs in Eukaryotic cells 
Eukaryotic cells are complex organisms. The cellular membrane contains the 
nucleus, within the genetic material is carried; and other membrane-bound 
organelles such as Golgi apparatus, mitochondria and chloroplasts (Figure 5). 
 
Figure 5: Drawing of an eukaryotic cell. 
In eukaryotic cells, forces for the activation of MSCs appear to be transferred to 
the channels by the cytoskeleton (CSK) rather than by the lipids (Figure 6 and 
Figure 7). Transient receptor potential (TRP) channels (see Figure 8) represent a 
class of membrane proteins that allow the regulated passage of cations such as 
Ca
2+
, Na
+
 or Mg
2+
 across biological membranes. The TRP superfamily is subdivided 
in 7 subfamilies (TRPC, TRPV, TRPM, TRPA, TRPML, TRPP and TRPN). 
Channels associated to the mechanosensation are present in all the TRP sub 
families. TRPC are characterized by receptor operated calcium entry channels; 
TRPM is involved in cell proliferation and death; and TRPV is activated by chemical, 
mechanical, and physical stimuli.  A single TRP channel can be seen as a 
polymodal sensor being able to detect and integrate different and divergent types of 
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stimuli. These channels are implicated in different physiological processes: Ca
2+
 
and Mg
2+
 homeostasis, regulation of the vascular tone, bone development, taste 
perception, temperature sensing and vision [10]. 
 
 
 
Figure 6: Bilayer model and tethered model are the two main theories used to explain 
the activation of MCSc. On the left the bilayer model is schematized (more common for 
prokaryotic cells) while on the right side the tethered model is shown (more common 
for eukaryotic cells). 
 
 
 
Figure 7: Tethered model explains the activation of SIC and SAC channels [2]. 
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Figure 8: Cartoons which represent TRP channels. The quartenary structure of TRP 
channels allows homo- or heteromeric configuration [11]. 
1.1.2 Patch Clamp Technique 
The common investigation technique for studying ion channels uses patch clamp. 
This technique consists in isolating a patch of the cellular membrane and in 
recording the current flowing into that patch. A glass pipette, fire polished and filled 
with and electrolyte solution, is used to form the gigaseal connection which is 
needed because the higher the seal resistance, the more complete is the electrical 
isolation of the membrane patch besides; a high seal resistance reduces noise of 
the recording [12]. In Figure 10 is possible to evaluate different patch clamp 
configurations. 
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Figure 9: Schematization of the patch clamp technique. On the left example of 
current/time trace for ion channel activity. On the right cartoon of the cellular 
membrane under pipette suction. Modified from [13] [14]. 
1.1.2.1 Cell-attached recording 
The cell attached recording is the first step in any patch clamp experiments and 
is the configuration immediately following the gigaseal. It allows studying ion 
channels from the portion of the membrane within the micropipette tip and all other 
configurations are derivatives from this configuration. 
1.1.2.2 Whole cell recording 
Whole cell recording is a patch clamp technique that allows evaluating the ion 
channel activity of the whole analyzed cell recording currents through multiple 
channels at once. The electrode is placed in contact with the cell, suction is applied 
to reach the rupture of the membrane patch to have access to the intracellular 
space of the cell. This allows connecting the buffer solution present inside the 
pipette to the intracellular space causing the soluble intracellular contents to slowly 
diffuse into the buffer of the pipette.  
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1.1.2.3 Perforated patch configuration 
Once the gigaseal is formed, a small amount of an antibiotic is introduced into 
the pipette. The antibiotic forms non-selective large conductance pores in the 
membrane to give electrical access to the cell interior. The main advantage of this 
technique is the possibility of preserving intact the cellular content but at the same 
time a higher access resistance causes a decrease in current resolution and 
magnification of recording noise, and since the antibiotic reaches the cell only by 
diffusion through the micropipette, there is a significant time lag between application 
of the antibiotic and formation of the perforated patch.  
1.1.2.4 Outside-out patch  
The outside-out patch is a useful technique used to investigate the activity of a 
single ion channel outside the cellular environment. Once the gigaseal is formed, 
the electrode is pulled out from the cell. In this way the patch is torn of the cell and 
the bleb reforms as a convex membrane, a tiny liposome at the end of the pipette, 
exposing the outside of the membrane to the external buffer.  
1.1.2.5 Inside-out patch 
This technique allows exposing the intracellular surface of the patch membrane 
to the external media. After the gigaseal is formed, the electrode is quickly 
withdrawn from the cell to rip the membrane patch. This configuration is used to 
study the intracellular domains of the ion channels in relation with the changes of 
the external environment. It can be useful for channels that are activated by 
intracellular ligands and can be studied through a range of ligand concentrations. 
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Figure 10: Resuming scheme of the possible patch clamp configurations. Modified 
from [13]. 
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1.1.3 How to investigate mechanosensation 
Mechanosensitive ion channels are difficult to get investigated. The common 
techniques for ion channel analyses (for instance patch clamp) while allowing the 
measurement of the currents, also causes a mechanical deformation of the 
membrane. This affects the measurement of the MCSc gating. In fact during the 
gigaseal step, the membrane is deformed using a second glass pipette and the 
gating can be recorded. This techniques allows a differential recording of the 
involved currents. During the years other recording devices have been developed 
and also some commercial tools have been developed [15] [16]. 
These devices are used for planar patch clamp analyses. Instead of obtaining the 
gigaseal to perform the electrical recording using a pipette in contact with the 
cellular membrane, the contact can be obtained from the bottom, where the cell 
adheres to the surface of the device. In this way the cell can be mechanically 
stimulated from the top and the recording can be performed from the bottom without 
putting the cellular membrane in a pre-stress condition invalidating the 
measurement. The mechanical stretch is usually guaranteed using a glass pipette 
or the tip of an atomic force microscope cantilever as demonstrated by Upadhye 
during his PhD research [17]. 
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2.1 Aim 
Cells mechanical properties characterization is a field of great interest in 
medicine and biology. Eukaryotic cells are subject to continuous stimulation inside 
the human body and these stresses and strains are due either to the external 
environment or the internal physiological conditions. Bone cells, for example, are 
subject to compression; endothelial or muscle cells to stretching; cardiac cells to 
both stretching and compression. The physiological environment is therefore a 
constant challenge for cells that are cyclically stimulated. Some diseases cause 
changes in cellular behavior, which are often highlighted by changes in cellular 
resistance to applied solicitations. Also many biological processes such as growth, 
differentiation, apoptosis, migration are influenced by the mechanical stimulation [1–
7].  
Cell mechanics can be investigated at different levels: from organ to tissue 
level, from populations of cells to single cell (Figure 1). 
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Figure 1: Cartoon representative of the possible levels of cellular mechanical 
stimulation. Modified from [8]. 
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2.2 Cytoskeleton 
Eukaryotic cells have a matrix of tubules and filaments to preserve cells’ shape. 
Microfilaments (also called actin), intermediate filaments and microtubules can be 
distinguished on the bases of their diameter, subunit and subunit arrangement.  
Actin filaments are small linear fibers, 7–9 nm in diameter and have a twisted 
two-stranded structure. Microtubules are pipe like structures, 24 nm in diameter, 
whose walls are formed by adjacent protofilaments. Intermediate filaments (IFs) 
have intermediate dimensions between microfilaments and microtubules with a 
structure of a 10 nm diameter rope.  
 
 
Figure 2: Schematic representations and fluorescence images of the three main 
components of the cytoskeleton. The three polymers differ in stiffness that can be 
characterized by their persistence length LP in comparison to their contour length L.  
Modified from [9]. 
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Figure 3: Cytoskeleton dynamics in living cells. The transitions of actin (red) and 
microtubules (green) during primary mouse fibroblast’s spreading are shown [10]. 
Actin, microtubule and intermediate filaments contribute to the mechanical 
stability of the cytoskeleton. These filaments are polymers composed by protein 
subunits: monomeric actin subunits assemble into microfilaments; dimeric subunits 
composed of α- and β-tubulin polymerize into microtubules; on the other end 
intermediate filaments are assembled from a large diverse family of proteins. The 
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most common intermediate filaments are composed of lamins and in general they 
are differentiated by proteins preferentially expressed in certain tissues: for 
example, keratin-containing filaments in epithelial cells, desmin-containing filaments 
in muscle cells, and vimentin containing filaments in mesenchymal cells [11]. 
2.3 Cell mechanics 
The problem of cell mechanics can be approached using two different 
techniques: the study of cells population or of single cell respectively. Moreover, 
Bao and Suresh [12] classified the existing techniques for single cell analyses, 
subdividing them into two separate branches: local probes, used to stimulate a 
portion of the cellular membrane, and mechanical stimulation of the entire cell 
It has been demonstrated [13] that the mechanical properties of cells can 
describes the structural integrity of tissues arising from the mechanical interactions 
between cells and the surrounding matrix. This is also valid on the opposite 
direction: mechanical stimulation exerted to tissues are transmitted to individual 
cells and can influence many physiological functions [14]. 
The dynamics of cell populations can be studied using microfluidic devices 
integrated into bioreactors. The versatility of microfluidic devices gives advantages 
for cell investigation such as the simulation and the reproducibility of the in vivo 
cellular microenvironment. Many studies involve the static investigation of cells 
focusing on the cellular microenvironment [15]. In these tests cells are not 
mechanically stretched but studied in their physiological environment. Chaw [16] 
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carried out metastasis cellular deformation in micro-channels due to their migration 
abilities (see Figure 4).  
 
Figure 4: Multi-step microfluidic device for studying cancer metastasis. Modified from 
[16]. 
To investigate dynamical changes in cell’s properties, silicone rubber and gels - 
as for instance poly-dimethyl siloxane (PDMS) [17] - are commonly used as 
substrates for cell adhesion and stretching. This approach provides information 
about the average mechanical properties of cells. The direct manipulation of the 
substrate gives the mechanical stimulation that can be recorded with strain gauges. 
The maximum applied force is in the Newton range with 1mN of resolution while the 
maximum deformation is in the millimeters range with 1µm of resolution [18] (see 
Figure 5). 
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Figure 5: Microfluidic biomechanical device for compressive cell stimulation and lysis. 
Modified from [19]. 
 
2.3.1 AFM 
In the case of local probes, the probe can be the atomic force microscope 
(AFM) tip, used to local stimulate a cell portion (Figure 6) [20]. AFM topographic 
imaging, coupled to the force-spectroscopy analyses, allow quantifying and 
mapping the elastic properties of cells with a nanoscale resolution. It’s a powerful 
tool for the local investigations of cells. Acquisitions at high resolution are possible 
but a complete mapping of the cellular membrane requires very long scanning and 
acquisition time. 
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Figure 6: Cartoon representative of a possible membrane stimulation AFM assisted. 
Modified from [21]. 
2.3.2 Optical traps 
Optical traps, tweezers [22], stretchers [23] can also be used to investigate the 
cellular membrane properties. In this case the stretching is induced by the 
interactions between the dielectric beads, placed inside of the cell or on the 
membrane, and a laser beam (Figure 7).  
The photons from a focused laser beam are subjected to a change in 
momentum due to the refraction of the light trough the dielectric object. This 
happens if the radius of the bead is bigger than the laser wavelength; the 
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momentum modification induces a force Fg on the object which has the direction of 
the photon flux and follows the Hooke’s law:  
(1)             
where ‘k’ is the optical trap stiffness and ‘x’ is the bead displacement due to 
momentum conservation [24]. 
 
Figure 7: Cartoon representative of the set up used for optical tweezer / trapping 
experiments. Adapted from [18]. 
2.3.3 Magnetic Twisting Cytometry (MTC) 
Magnetic twisting cytometry is a technique that allows locally stretching the 
cellular membrane and measuring the displacement according to the movement of 
magnetic beads. Cells partially phagocytize ferromagnetic beads (250 nm to 5000 
nm of diameter range) and with an external magnetic field the beads are actuated to 
impose cell’s displacement. Crick (Figure 8) [25] suggested the possibility of 
studying the cytoplasm using this technique. 
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Figure 8:  Cartoon representative of the magnetic twisting cytometry (MTC) for single 
cell studies. A magnetic field H is applied to induce bead rotation φ, and the 
corresponding remnant field of this rotation B is measured via a magnetometer. To 
increase the magnetic signal/noise ratio, the sample is rotated about the H direction at 
an angular velocity ω.  Adapted from [26]. 
 
2.3.4 Micropipette aspiration 
The mechanical stimulation of the entire cell can be performed using 
micropipette aspiration [27] (Figure 9). This technique has been developed for 
studying time-dependent deformation of single living cells subjected to extracellular 
pressure. The cell, in suspension on the cellular media, is sucked into a glass tube, 
the inner diameter is a chosen fraction of the nominal diameter of the cell and the 
aspiration pressure is applied in steps. The range of the applied pressure goes from 
0.1 up to 1000 Pa, with resolution of 0.1 Pa. With this technique is possible to 
evaluate the force (F) related to the applied deformation: 
( )        
      
  
 
   
⁄   
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   is the pipette radius,   
        
  are the velocities of the cell in presence or 
absence of the applied aspiration pressure    [28]. 
 
Figure 9: On the left: Micropipette aspiration test to determine the Young’s modulus of 
cells in suspension. Application of tare pressure (a) and incremental pressure 
application (b). Cell projections in the micropipette reached approximately two times 
the radius of the micropipette, and pressures reached a maximum of 1 kPa. On the 
right: Micropipette aspiration test to examine volumetric response to mechanical 
deformation. A chondrocyte and micropipette are imaged before (a) and after (b) 
complete aspiration. The scale displayed is 5 µm in length. Modified from [29]. 
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2.3.5 Microplates 
Micro-plates [30] [31] are a micro-manipulating system which allows imposing a 
controlled uniaxial deformation to single cells in adhesion. The system is composed 
by two borosilicate plates with different stiffness. From the deformation of the 
flexible plate is possible to estimate the rigidity of the cell. Cells can be either 
compressed or stretched or subjected to an oscillatory perturbation (Figure 10). 
 
Figure 10: Microplates experiments. A cell, in adhesion on the thicker plate (A), in put 
in contact with the thinner plate (B) and after complete adhesion is stretched (C) (D). 
Adapted from [30]. 
2.3.6 Bio Micro Electro Mechanical Systems - BioMEMS 
Bio Micro Electro Mechanical Systems are devices with mechanical and/or 
electrical transducers capable of studying cells of biological systems in their 
physiological environment.  
Galbraith and Sheetz in 1997 [32] developed the first chip composed by an 
array of pads for cell traction force measurements based on silicon cantilevers 
(Figure 11). Other attempts with BioMEMS have been made by Scuor [33] and 
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Serrell [34] (Figure 12). These works show the versatility of BioMEMS used to 
investigate mechanical properties of single cells in adhesion. Scuor demonstrated 
that multiaxial stimulation of cells is possible while Serrell provided the range of 
forces involved in cellular stretching. 
 
 
 
 
 
 
Figure 11: MEMS system realized by Galbraith and Sheetz in 1997 for single cell 
analyses [32]. (a) Schematic view of the device with pads (scale bar 10µm), well and 
cantilever. (c) The two largest pads (scale bar 10µm). (d) The 180µm beams (scale bar 
1mm). 
Conclusions 
The abovementioned systems are all valid, yet they present limitations for those 
who are interested in the evaluation of the mechanical properties of a cell in 
adhesion. According to the measurements performed by Serrell [34], [35], the range 
of forces involved in cell stretching (not to stretch a portion of the cellular membrane 
but a whole single cell in adhesion) is up to 800-1300nN. 
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Figure 12: Force-Time curve acquired for a stretched fibroblast [34] (on the left) and 
the design of a bi-axial stretching MEMS [33] (on the right). 
 
For this reason, systems like optical tweezers or optical stretchers according to 
Table 1 are unable to provide such forces. They are good tools for local 
investigation of the cellular membrane or for the study of neuronal axons, yet could 
not provide information about the mechanics of the whole cell. AFM, instead, can 
easily reach the range of forces required for cell stretching, but the stimulation is 
localized on just a portion of the cellular membrane. Micropipette aspiration is a 
useful tool for the study of cells in suspension, like red blood cells, but not for the 
study of adherent cells in their physiological conditions. Micro-plates and MEMS can 
provide the kind of forces required for the stretching and are suited for cells in 
adhesion. The advantage of micro-plates is the transparency of the support, yet 
MEMS are much more flexible in relation to the possible solicitation modes and to 
the possibilities for coupling these testing devices with others.   
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 Method Principle 
Range of forces that can 
be applied or detected 
Atomic Force Microscopy 
Relative deformation of 
cantilever tip and substrate 
(cell) is used to estimate 
forces 
            
Micropipette Aspiration 
Gentle suction is applied to 
micropipette attached to cell 
              
Stretching Devices 
Flexible membrane is 
attached to structures that 
enable membrane to be 
stretched 
Qualitative, at least 25% 
from unstretched state 
Magnetic Twisting 
Cytometry  
Magnetized ferromagnetic or 
super magnetic beads are 
moved by weaker directional 
magnetic fields/gradients 
             
Optical Traps 
Dielectric beads of high 
refractive index are moved 
using laser beams 
              
MEMS in silicon 
Movable parts are fabricated 
in silicon and various 
methods such as piezo-
actuation are used to move 
them 
                
Array of vertical micro-
cantilevers 
Horizontal deflection of 
individual vertical micro 
cantilevers is used to infer 
traction forces 
              
Micro-machined horizontal 
cantilever 
Horizontal deflection of 
cantilever with attachment 
pad is used to infer traction 
force 
              
 
Table 1: Complete table with the existing methods for cell stimulation and the range of 
forces of the system. Adapted from [36]. 
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3.1 Aim 
BioMEMS is an acronym, it means:  Biological Micro Electro Mechanical 
Systems.  There are two possible definitions for this type of devices:  
1. Systemic definition: BioMEMS usually contains sensors, actuators, 
mechanical structures and electronics. Such systems are being 
developed as diagnostic and analytical devices [1].  
2. Component definition: BioMEMS is the research of micro-fabricated 
devices for biological applications [2].  
BioMEMS are the link between life sciences and micro- and nano-technology 
(Figure 1). They can be useful tools for broad research fields such as: biosensors, 
micro and nanotechnology for drug delivery, tissue engineering, miniaturized total 
analysis systems, nano-scale imaging, molecular assembly, biomolecular 
amplification and many more. 
As anticipated in chapter 2, one of the main requirements of the BioMEMS for 
mechanical cell stimulation involves the range of forces necessaries to stretch a 
single living cell in adhesion.  
Furthermore BioMEMS should be easily coupled with other investigation 
techniques and be biocompatible. 
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Figure 1: The scale of this research is in the interface between nano and micro world. 
It involves cells and BioMEMS (micro world) but also ion channels, cytoskeleton 
filaments and self-assembly monolayers (nano world).  Adapted from [3]. 
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3.2 BioMEMS 
3.2.1 Design 
The main idea of the BioMEMS developed in this Ph.D. research is the 
realization of a suspended platform in which a single cell can be placed and 
stretched. The device has to be (i) capable to mechanically stimulate a single cell in 
adhesion, (ii) has to be completely biocompatible and (iii) the sensor, placed on the 
device, has to be capable of measuring the response in force of the cell during the 
stretching. 
 
Figure 2: Schematic representation of the BioMEMS for single cell analyses. The 
suspended architecture can be classified into three areas: (a) testing, (b) measurement 
area and (c) actuation. 
In Figure 2 the main structure of the BioMEMS is shown. The device has three 
main sections: (a) the testing area, (b) the sensor and (c) the actuator. 
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(a) Testing Area 
The testing area is a device section composed by two different platforms: one is 
anchored to the substrate; the other is completely suspended and is linked to the 
sensor and the actuator. 
Different platform geometries have been tested and realized to be able to 
perform different single cell stimulations and emulate different physiological 
conditions. Cells in a living organism are subjected to different kind of stimuli: one or 
two dimensional stretch stress (cardiac cells, vascular smooth muscle cells, muscle 
cells), compression (bone cells), shear stress (red blood cells, vascular cells) or a 
combination of them [4]. I realized several platforms to properly mimic the human 
body in an accurate way. In Figure 3, the evolution of the platform geometries can 
be appreciated. The first devices tested are designed with two hemispherical 
platforms with a diameter of 100µm (Figure 3a). The same diameter has been used 
for the biaxial (Figure 3b) and multiaxial devices (Figure 3d). 
A subsequent devices generation has been designed with a slightly different 
geometry (Figure 3c). Only half of the platform is hemispherical, the other half is 
squared and directly connected with the actuation area. This geometry is more 
compact allowing a better visualization of the device under a 20x microscope 
objective. 
Platform geometry has been modified again (as shown in Figure 3e) to 
guarantee more device’s versatility. The platforms are 250µm x 200µm squared 
shaped and have some references for the displacement which is evaluated optically 
using a microscope. Each teeth of the structure is spaced 5 µm to the next. The 
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sketch in Figure 3f shows the geometry which allows investigating the shear 
modulus and the behavior of a single cell subjected to shear stress. 
(b) Sensor 
The sensor is constituted by two springs coupled symmetrically. Once the 
rigidity (k) of the springs is known (with finite element modeling), thanks to an 
optical detector the deformation of the cell can be measured and the forces 
evaluated according to Hooke’s Law: 
( )           
‘k’ is the spring constant and ‘x’ the measured displacement, the force exerted 
by the cell (F) can be estimated during each stimulation step. 
Due to different microfabrication techniques, two sensors have been designed. 
In Figure 4 the possible geometries are shown.  
Two different configurations for the sensors have been realized: the first has the 
sensor linked to the top of the testing area while in the other the sensor is located 
between the testing area and the actuation system. The advantage of the first 
configuration is a more compact set-up that allows working with higher 
magnifications being not limited by the field of view of the microscope. The spring 
deformation can be recorded thanks to the tethered structured located on the side 
of the testing area.  
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Figure 3: The timeline of the possible testing configurations are shown. (a) represents 
the first testing area which has been modified into (c) to keep the device more 
compact. (c) shows a testing area for biaxial stretching of single cells, while (d) shows 
the multiaxial configuration [5]. (e) and (f) show last generation of testing areas for 
uniaxial stretch and shear analyses designed for the transparent BioMEMS. 
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(a)  
(b)  
 
Figure 4: (a) The first generation of sensor, designed for the PolyMUMPs devices; (b) 
Z-springs for the transparent BioMEMS. 
(c) Actuation System 
The actual displacement to the cell is transmitted to the actuation platform with 
a glass microwire, moved by an external piezo actuator: a commercial system P-
601.1SL PiezoMove
TM
 (Physik Instrumente, Germany). This actuator has a travel 
range up to 100µm with a closed loop resolution of 2nm. The link between the piezo 
and the actuation platform is granted by a customized pulled glass micro-wire. This 
element has been realized using PC-10 puller (Narishige Group, Japan) and a 
customized bending system.  
  
 
Figure 5: The PC-10 puller (on the left) is used to realize the glass microwires (on the 
right). 
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To guarantee a good control of the link between micro-wire and BioMEMS, the 
bending angle chosen is 70º.  The linking operation is performed under an optical 
microscope using a micromanipulator. Once this connection is made, the actuation 
of the BioMEMS is possible.  
The actuation software has been realized using LabView (National 
Instruments), it controls the movement of the micro-wire and, at the same time, the 
total deformation of cells. It is possible to apply either a linear (continuous or step by 
step) or a cyclic displacement (sinusoidal, square wave or triangular). Displacement 
speed and number of cycles can be controlled too. All parameters are set and 
checked via a computer visual interface (Figure 6). The link between the actuation 
software and the piezo electric engine is made through a serial cable connection. P-
601.1SL PiezoMove
TM 
device has a feedback for the relative position: the software 
uses this function to verify the imposed displacement and to check the actuator’s 
speed. In Figure 6 the screen shot of the software is shown. 
3.2.1.1 Technical improvements  
An important problem for MEMS in a liquid environment is a phenomenon 
called stiction (or static friction). Two solid objects pressing against each other (but 
not sliding) will require some threshold of force parallel to the surface of contact in 
order to overcome static cohesion.  
In situations where two surfaces, with areas below the micrometer range, come 
into close proximity (as occurs in MEMS or BioMEMS) they may adhere. At this 
scale, electrostatic and/or Van der Waals and hydrogen bonding forces become 
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significant. The magnitude of stiction forces becomes especially important for the 
moving parts in MEMS.  
The solution used to prevent the stiction problem is represented by structures 
called dimples. They are pillars with a height range from 500 to 1000 nm with a 1-2 
µm diameter. They are cone-shaped and their base adheres to the suspended 
structures prevent their collapse. 
 
Figure 6: Screen-shot of the custom software used to operate the piezo actuator. The 
software has been programmed using Lab View and allows to stimulate the single cell 
using different stretching protocols (constant speed, constant force, step test, cycling 
mode). 
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3.2.2 Devices description 
3.2.2.1 Silicon BioMEMS 
The first silicon BioMEMS designed and tested is the one in Figure 7-A. This 
device has no sensor and the testing area has a circular shape. It has been used for 
the preliminary tests of biocompatibility and to set up all the actuation system. The 
sensor has been added to this model and the design can be seen in Figure 7-B.  
The design has been further modified according to some technical requirements 
such as the need of having in the same field of view the testing and the actuation 
area at high magnification. During the test with cells we also noticed that the 
sensors, despite the presence of dimples, was subjected to stiction. For this reason 
we had to re-design the mask in order to provide the springs with more dimples. 
The new BioMEMS is presented in Figure 8. It is more compact than the previously 
shown since, in this model, the testing area has been integrated to the actuation 
area. 
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(A) 
 
 
(B) 
 
Figure 7: Design of the mask for the PolyMUMPs devices. (A) First BioMEMS with cell 
testing area and actuation area. (B) Second design of the BioMEMS with sensor 
connected to the cell testing area and actuation area. 
 
 
 
 
 
 
 
 
Figure 8: New design for the silicon BioMEMS. The system is more compact than the 
previous, the sensor has no more stiction problems and the actuation area is larger. 
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3.2.2.2Transparent BioMEMS 
The design of the transparent device had to be performed according to the finite 
element analyses due to the different materials used for the microfabrication. Also 
the resolution changes: the commercial technique cannot be used and the 
customized process has larger minimum feature size. For this reason the sensor 
had to be completely re-designed. The dimension of the cell testing area has been 
changed too in order to have a more flexible system, which can be used also to test 
larger cells (as myoblasts). In  Figure 9 is possible to appreciate the different design 
while Figure 10 shows the overlapping of the three masks necessaries for the 
microfabrication of the devices.  
 
Figure 9: Design of one of the models of the transparent BioMEMS for single cell 
analyses.  
Some other upgrades to the design have been performed. In particular the 
dimensions of the repositioning springs has been changed after the realization of 
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the first prototype. The new geometry allows larger displacements to the system: 
from 15µm (max) up to 50µm (max). 
 
Figure 10: Example of the overlapping of the three masks necessary for the 
microfabrication of the transparent devices. Black - Anchors mask; Purple - dimples 
mask; Blue - final structures. 
3.2.2.3 Transparent BioMEMS for AFM 
 
Figure 11: Cartoon, not in scale, of the BioMEMS for AFM applications. The main 
constitutive elements of the device are shown: (i) cell testing area; (ii) sensor; (iii) 
transmission shaft; (iv) actuation area. 
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If the transparent BioMEMS has to be coupled with an atomic force microscope 
to perform morphological and electrical mapping of the single stretched cell, the 
design must be changed. The dimension of the AFM head in which the cantilever tip 
is mounted is, in this case, the limiting agent. In fact to be able to actuate the device 
and map the cell’s structure with the probe microscope, the BioMEMS has to have a 
long transmission shaft. The cross section of the device can be appreciated in 
Figure 11. 
3.2.2.4 BioMEMS for planar patch clamp 
Devices for the planar patch clamp recording have been developed and 
optimized during the years [6] [7] (Figure 12).   
(a) 
 
 
(b)
 
 
Figure 12: (a) A possible device for the planar patch clmp analyses is shown. Many 
cells are dropped onto the electrode coated with PDMS. A suction is applied from the 
bottom of the device and cells ionic activity is recorded [6] (b) Single cell planar patch 
clamp recording. The mechanical stimulation is performed with a AFM cantelever [7]. 
Also commercial systems are available such as the device shown in Figure 13. 
The main idea of this new BioMEMS stands on the coupling the standardized 
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techniques for planar patch clamping to the stretching system developed during this 
doctoral research. In particular, a system with a silicon chip in which the stretching 
structure has been microfabricated and linked to the patch clamp recording 
apparatus by a nanometric pore, has been developed. The carton of the device can 
be seen in Figure 14. 
 
chip resistance 2 - 3.5 MΩ 
seal resistance > 1 GΩ 
whole cell resistance >1 GΩ 
series resistance < 10 MΩ 
liquid consumption ~ 30 µl/compound 
avg. whole cell stability ~ 20 min 
successful whole cell 
recording 
70 - 90 % (consistent 
between cell lines) 
 
Figure 13: Commercial system for planar patch clamp recording and technical 
specifications [8]. 
 
Figure 14: Cartoon, not in scale, of the design of the planar patch clamp BioMEMS. A 
silicon chip with window in which a transparent membrane is located, is used as 
substrate for the realization of the transparent stretching system. To perform the 
electrical connection between the cell and the electrical recording system, a nano pore 
is realized. 
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3.2.3 Finite Element Analyses (FEA) 
Using FEA all the Bio-MEMS structures have been tested. In particular, the 
design of the springs played a fundamental role in the BioMEMS project. As 
mentioned in paragraph 3.2.1, springs can be divided into two main categories 
according to their role in the device: they can be the main elements of the sensor or 
can be used as repositioning elements of the actuation area.  
All the FEA investigations have been carried out using Comsol Multiphiysics® 
software (Sweden). 
3.2.3.1 Repositioning Springs 
For both PolyMUMPs and transparent devices, the repositioning structures are 
four springs mounted in pairs, half on the left and half on the right side of the 
BioMEMS. The main requirement for these elements is their stiffness, since they 
need to guarantee the repositioning of the suspended structures after deformation. 
We chose four-armed springs, well known in MEMS micro-fabrication. The project 
has been done to provide the system with a theoretical rigidity of 1,85 N/m for each 
spring (Figure 16-a). 
3.2.3.2 Sensor 
The design and improvement of the sensor probe is the most significant part of 
the BioMEMS. This area has to provide great sensitivity to sense the forces 
involved in adherent cell stretching. As a measurement tool, we decided to use two 
coupled symmetrical springs. Different finite element analyses have been performed 
for PolyMUMPs devices and for the transparent BioMEMS. 
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3.2.3.2.1 PolyMUMPs devices 
In the case of the PolyMUMPs devices, the sensing springs have been tested to 
find the optimal geometry to guarantee the measurement of the forces for the cell 
stretching. The sensor, according to finite element modeling, has a spring rigidity of 
0.064 N/m. Some of the simulations performed can be seen in Figure 15.  
 
Figure 15: FEA related to the sensor of the PolyMUMPs devices. 
3.2.3.2.2 Transparent Devices 
Regarding the transparent devices, we decided for a Z-type micro-spring and, 
according to Li and Gengchen [9], the most convenient design involves the 
fabrication of a z micro-spring with a null ɵ angle (Figure 16-b). This expedient 
optimizes the rigidity of the spring in y direction for n spring units (Equations (2) and 
(3)).  
(2)       
 
  
 
    
           
   
    
 
For two springs (       ) in parallel, the final spring rigidity (   ) becomes: 
(3)                
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However, design limitations due to the material and the micro-fabrication 
process often occur. Silicon nitride Young’s modulus is strictly process-dependent. 
It might range from 210 GPa, for a PECVD film, to 290 GPa, for a LPCVD film [10].  
During the design process, the evaluation of all possible micro-fabrication 
limitations played an important role. Due to the huge aspect ratio of most structures 
involved in the realization of the Bio-MEMS, the minimum affordable thickness of 
the silicon nitride thin film is 2µm. Common chromium soda lime masks, used for 
the photolithographic process guarantee a minimum feature size of 2µmx2µm.  
All these aspects must be taken into consideration and related to the needs of the 
final BioMEMS. 
 
Figure 16: (a) Lay-out of the repositioning and (c) sensing spring. (b) Schematic 
representation of a single unit of a z spring: line width b, thickness h, vertical length t, 
half width l and ɵ is the angle. From [11]. 
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 The sensor part, as previously mentioned, has to be capable of sensing forces 
in the range of 800nN - 1300nN with a minimum displacement of 3µm. This way, it 
is possible to ensure good sensitivity for the forces involved in cell deformation (in 
the range of few micro-Newton) and the spring’s displacement can be easily 
evaluated using optical techniques. 
With these preliminary remarks, we devised the optimized spring geometry 
shown in  Figure 16-c. It has 6 bends, the distance between a bend and the other is 
about 40µm and the four-armed spring is 210µm long. Considering the axial 
displacement, the two springs must be mounted symmetrically, to avoid torsion and 
mistakes in the displacement evaluation (Figure 16-c).  Finite element analysis was 
used to assess the spring constant. Its value is 0,0166N/m. This value allows to 
accurately assess forces of 800nN for a displacement of 48µm, perfectly recordable 
and suitable using a 10x magnification optical microscope objective. 
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3.2.4 Materials and Methods 
The first generation of devices was silicon based and the microfabrication 
process based on a commercial protocol called PolyMUMPs. For the transparent 
devices, on the other hand, the process has been completely developed using the 
clean room facilities at TASC-CNR (Basovizza – TS, Italy) and of the Nano3 
facilities at UCSD (La Jolla – CA, USA). 
3.2.4.1 PolyMUMPs: process overview 
The three-Layer Polysilicon Surface Micromachining Process or PolyMUMPs, is 
a commercial process, developed by Berkeley Sensors and Actuators Center 
(BSAC) at the University of California Berkeley.  
 
Figure 17: Cross section of a possible final configuration of a MEMS realized with the 
PolyMUMPs technique. 
This process is designed to be as general as possible to be useful to different 
users working on a wide range of fields and the general features are those of a 
standard microfabrication process: (i) the structural material is the polysilicon, (ii) 
the sacrificial layer is the deposited oxide, phosphosilicate glass (PSG), and (iii) 
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silicon nitride is used as electrical insulator between the polysilicon and the 
substrate (Figure 17).  
Silicon wafers (100) doped n are used as bulk material. The steps of the 
microfabrication process involve the use of eight photomasks and can be described 
as follow: 
1. Doping of the wafers with phosphorus in a standard diffusion furnace 
using a phosphosilicate glass sacrificial layer. PSG is the dopant 
source to reduce or prevent charge feedthrough to the substrate from 
electrostatic devices on the surface.  
2. After the PSG film is removed, a layer of electrical insulator is 
deposited: 600 nm low-stress silicon nitride obtained with low pressure 
chemical vapor deposition (LPCVD).  
3. Poly 0, 500 nm of polysilicon obtained by LPCVD, is then deposited.  
4. Poly 0 is then patterned by photolithography and etched in a plasma 
etch system (Figure 18-a,b).  
5. 2.0 µm phosphosilicate glass sacrificial layer, known as First Oxide, is 
then deposited by LPCVD and annealed at 1050°C for 1 hour in argon.  
6. The first oxide is lithographically patterned and the mold for the 
dimples is transferred by reactive ion etching (RIE). The nominal depth 
of the dimples is 750 nm (Figure 18-c).  
7. ANCHOR1 structures are then patterned with the third mask layer and 
etched with RIE. This step provides anchor holes that will be filled by 
the Poly 1 layer.  
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8. After etching ANCHOR1, the first structural layer of polysilicon (Poly 1, 
2.0 µm thick) is deposited.  
9. The polysilicon is doped  with phosphorous using a 200 nm film of PSG 
and an annealing at 1050°C for sixty minutes (Figure 18-d).  
10. The first structural layer, POLY1, is realized with a lithographic 
process, the etching of the PSG layer (it’s used as a hard mask for the 
subsequent polysilicon etch), the etching of the POLY1 and the 
stripping of the photoresist and the removal of the PSG with RIE.  
11. A second sacrificial PSG layer (Second Oxide, 750 nm thick) is 
deposited and annealed.  
12. The Second Oxide is patterned using two different etch masks with 
different objectives. The POLY1_POLY2_VIA level provides for etch 
holes in the Second Oxide down to the Poly 1 layer. 
13. The POLY1_POLY2_VIA layer is lithographically patterned and etched 
by RIE.  
14. The ANCHOR2 level is provided to etch both the First and Second 
Oxide layers in one step and is lithographically patterned and etched 
by RIE in the same way as POLY1_POLY2_VIA (Figure 18-e).  
15. The second structural layer, 1.5 µm thick, Poly 2, is then deposited 
followed by the deposition of 200 nm PSG.  
16. As with Poly 1, the thin PSG layer acts as both an etch mask and 
dopant source for Poly 2. The wafer is annealed for one hour at 
1050°C to dope the polysilicon and reduce the residual film stress.  
17. The Poly 2 layer is lithographically patterned, the PSG and polysilicon 
layers are etched by plasma and RIE processes, similar to those used 
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for Poly 1. The photoresist then is stripped and the masking oxide is 
removed .  
18. The final deposited layer in the PolyMUMPs process is a 500 nm metal 
layer.  
19. The wafer is patterned lithographically with the eighth mask and the 
metal is deposited and patterned using lift-off (Figure 18-f). 
(a)  
(b)  
(c)  
(d)  
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(e)  
(f)  
Figure 18: Cross section of the PolyMUMPs process from wafer to final structure. 
3.2.4.2 Transparent Devices 
The PolyMUMPs process is very powerful and versatile but presents several 
limitations, mainly the materials selection and the deposition order of the thin films. 
To realize completely transparent devices a custom process has been studied and 
developed.  
The support substrate could not be silicon, being silicon non-transparent. For 
this reason we decided to start the microfabrication process using glass wafers. A 
sacrificial layer of silicon is used as mold for the realization of the anchors and the 
dimples, while a thin film of silicon nitride made the active layer. The process will be 
described in detail for each BioMEMS in the next paragraphs. 
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3.2.4.2.1 Transparent BioMEMS - First Generation 
The process has been developed in the clean room facilities at TASC-CNR 
(Basovizza – TS, Italy) (Figure 19).  
The substrate used for the microfabrication process is transparent borosilicate 
glass wafer (Pyrex 7740, Corning, USA). The suspended structures are realized 
using 2µm thick silicon nitride (Si3N4) transparent film. Amorphous silicon (α-Si) thin 
film is used as a sacrificial layer. Both layers were deposited by plasma enhanced 
chemical vapor deposition (PECVD). 
(a)  
 
(b)  (c)  
 
Figure 19: (a) Clean Space available at TASC-CNR in Basovizza (TS, Italy); (b) Karl 
Suss MJB3 mask aligner (SÜSS MicroTec AG, Germany); (c) CVD 600 T, PECVD 
system (Systec, Italy). 
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The photolithographic process has been performed using a soda lime mask 
with a 980Å chrome with 1µm resolution (Deltamask, NL). Microposit S1813 
(Rohm&Haas, USA) and Megaposit SPR 220 3.0 (Rohm&Haas, USA) have been 
used as photoresists and MF 319 (Rohm&Haas, USA) and MF 24 A (Rohm&Haas, 
USA) as developers. 
Polished glass wafer has been used. The first process step was the deposition 
of the sacrificial layer. For this purpose, CVD 600 T (Systec, Italy) has been used to 
obtain a 2 µm thin layer of amorphous silicon by PECVD using silane (SiH4) as a 
precursor. See Table 1 for all the recipes. 
To realize the anchors for the suspended structures and the dimples, localized 
etching on silicon must be performed. In this case, two different lithographic steps 
must be used. The first involves the anchors. The mask for the etching has been 
obtained using Microposit S1813 photoresist and MF319 developer. A reactive ion 
etching (RIE) system (Sistec, Italy) has been used. See Table 2 for all the recipes. 
For the realization of dimples, lithography has been carried out using SPR 220 
3.0 as a photoresist and MF24A as a developer. This choice involves the minimum 
thickness achievable for the resist. SPR 220 3.0 allows a better definition for 
dimples. Holes in the sacrificial layer have been obtained using RIE techniques. 
This system allows a good definition of the details and does not involve the use of 
liquid etchants. It uses chemically reactive plasma to remove material deposited on 
substrates and plasma is generated under low pressure by an electromagnetic field. 
High-energy ions from the plasma etch the surface reacting with it. There is a 
significant voltage difference between anode and cathode and a flux of mostly 
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vertical delivery of reactive ions and for this reason reactive ion etching can produce 
very anisotropic etch profiles. 
 Precursor(s) Power [W] Temperature [ºC] Deposition rate [nm/h] 
α-Si SiH4 50 550 300 ± 20 
Si3N4 SiH4, NH3 30 450 170 ± 20 
 
Table 1: Recipes used for the thin films deposition.  
The silicon nitride transparent layer is made using ammonia (NH3) and silane as 
precursors with PECVD technique. Microposit S1813 (resist) and MF319 
(developer) have been used to realize a mask for the suspended structures and a 
RIE process has been performed. 
All the alignments for the photolithographic process were carried out using Karl 
Suss MJB3 mask aligner (SÜSS MicroTec AG, Germany). 
 Gas mixture Power [W] Bias Tension [V] Time [s] 
anchors SF6, O2 200 180 160 
dimples SF6, O2 200 180 80 
structures CF4, O2 100 250 1200 
 
Table 2: Recipes for the etching using RIE system. 
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3.2.4.2.2 Transparent BioMEMS - Second Generation and AFM 
series  
In the Nano3 facilities at University of California San Diego (La Jolla CA - USA), 
a different process has been developed to realize new transparent BioMEMS 
(Figure 20). 
The substrate used for micro-fabrication process is transparent borosilicate 
glass wafer (Pyrex 7740, Corning, USA). The suspended structures are made using 
2µm thick silicon nitride (Si3N4). Amorphous silicon (α-Si) thin film was used as mold 
for anchors and dimples. All the details of the process are presented in the next 
section. 
3.2.4.2.2.1 Microfabrication process.  
The photolithographic steps have been performed using the structures present 
on the soda lime mask (Deltamask, NL). 
After the dicing of the Pyrex wafer, the chips have to be cleaned with Piraña 
solution (H2SO4 : H2O2 = 4 : 1) to remove all the organic contaminants. The 
optimized process can be described as follow (see Table 3 for the detailed 
microfabrication parameters): 
1. Deposition of 2µm of amorphous silicon using RF-sputtering Discovery 
18 (Denton Vacuum, LLC USA). 
2. A photolithographic process is performed to transfer the anchor 
geometry to the silicon. A layer of 1.3µm of Microposit S1813 
(Rohm&Haas, USA) has been used as photo sensible resist and 
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patterned with Karl Süss MA6 Mask Aligner (Süss MicroTech, 
Germany). 
3. The mold for the anchors has been transferred by RIE/ICP (Inductively 
Coupled Plasma) with Oxford Plasmalab P100 (Oxford Instruments, 
Germany). 
4. The chip is cleaned in acetone and after a complete drying in Piraña 
solution to remove all the resist stacked on the silicon. 
5. Dimples structures are then patterned using Microposit S1813 and a 
second mask layer. 
6. The etching is performed using Oxford Plasmalab P100. The depth of 
these structures is 900nm. 
7. After the etching, the photoresist is removed using acetone and the 
chips deeply cleaned with Piraña solution. 
8. The active layer, 2 µm of transparent SiNx, is deposited using the 
Oxford Plasmalab PECVD system (Oxford Instruments, Germany). 
9. Due to the poor selectivity of the photoresist and the silicon nitride with 
the RIE system, a chromium mask is used. 100nm of chromium are 
evaporated with the BJD 1800 Ebeam evaporator (Temescal, USA). 
10. A third mask has been used to transfer the main structures to the 
photoresist to pattern the Cr layer which has been etched with a liquid 
solution (H2O, CH3COOH and (NH4)2Ce(NO3)6).  
11. The structures have been etched with Oxford Plasmalab P80 (Oxford 
Instruments, Germany). 
12. The resist is removed with acetone and the Cr mask with the wet 
etching solution. 
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Table 3: Details of the recipes developed for the BioMEMS microfabrication. 
The described process, have been developed and used to realize both 
transparent standard devices and AFM BioMEMS. The microfabrication steps 
followed for the realization of the prototypes are the same. 
 
(a)
 
(b)
 
 
 
 
 
 
 
 
 
PROCESS EQUIPMENT 
Temp. 
[°C] 
Gas 
[sccm] 
Power 
[W] 
Pressure 
[mtorr] 
Rate 
Amorphous 
silicon 
deposition 
RF Sputterer 300 Ar 50 400 5.1 13nm/min 
Anchors 
etching 
RIE/ICP 20 
SF6 15 
CHF3 100 
30 20 300nm/min 
Dimples 
etching 
RIE/ICP 20 
SF6 15 
CHF3 100 
30 20 300nm/min 
Silicon 
nitride 
deposition  
PECVD 350 
SiH4  
(5% in He) 
400 NH3 
22  
N2 600 
LF 20 
(7s) 
RF 20 
(13s) 
600 7.8nm/min 
Chromium 
mask 
deposition 
E-beam 
evaporator 
- - - 8x10
-7
 1Å/s 
Chromium 
mask 
etching 
Wet etching 20 - - - 80nm/min 
Structures 
etching 
RIE 20 
CF4 35  
O2 3 
200 75 110nm/min 
3 BioMEMS 
 
68  
 
(c)
 
(d)
 
(e)
 
(f) 
 
(g)
 
(h)  
  
 
Figure 20: Nano3 equipment. (a) RF-sputtering Denton Discovery 18. (b) RIE/ICP 
Oxford Plasmalab P100. (c) Spinner. (d) Mask aligner Karl Süss MA6. (e) Oxford 
Plasmalab PECVD. (f) E-Beam Evaporator Temescal BJD 1800. (g) RIE Oxford 
Plasmalab P80. (h) On the left: profilometer Bruker Dektak 150 used to check the 
thickness of the structures. On the right: samples mounted on a silicon wafer ready 
for a dry etch with RIE/ICP Oxford Plasmalab P100. 
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3.2.4.3 Planar Patch Clamp Devices 
The design and the microfabrication of the BioMEMS for the planar patch clamp 
coupled with the mechanical stretching had to provide different technical solutions. 
These devices are not completely transparent, the transparent portion of the 
system is the cell testing area, this is due to the chip used as substrate: silicon 
nitride membranes over silicon (AppNano, USA). The silicon sustains the 
membrane which is located on a 600x600 µm window (see Figure 21). 
Chip 
Length 6000µm 
 
Width 6000µm 
Thickness 300(±10)µm 
   
Membrane 
Length 200(±20)µm 
Width 200(±20)µm 
Thickness 200(±20)nm 
   
Window 
Length 600(±25)µm 
Width 600(±25)µm 
 
Figure 21: Scanning electron microscope imaging of the window in which the 
membrane is located (on the right); data sheet nominal values for the commercial 
chips [12]. 
The microfabrication of the device follows the same steps developed for the 
transparent devices and for those for the AFM applications. However, due to the 
dimension of the chips, instead of the Karl Süss MA6 mask aligner, HTG HR3 2-3 
mask aligner (AB Manufacturing, USA) has been used.  After the etching of the 
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structures a new chromium mask has to be realized in order to be able to realize the 
electrical contact from the bottom of the device.  
1. 100nm of Cr is evaporated on the structures using the BJD 1800 e-
beam evaporator. 
2. 100nm layer of electron resist PMMA 950K A4 (MicroChem Corp., 
USA) is spinned on the chip and baked at 180°C for 120s. 
3. A 200nm hole is patterned on the resist using electron beam 
lithography (EBL) system Raith50 (Raith GmbH, Germany) with 10keV 
as beam tension and 100µAs/cm
2
 as area dose (Figure 22). Methyl 
isobutyl ketone (MIBK) diluted in propanol (IPA) with 1:3 ratio has been 
used as developer. 
4. The pattern has been transferred to the Cr mask with the wet etching 
solution. 
5. The etching to realize the nano-pore have been performed with the 
Oxford Plasmalab P80 system, used to etch the silicon nitride of the 
main transparent structure and the silicon nitride membrane. 
6. After the removal of the Cr mask the devices are ready for the last step 
of the microfabrication process: the structure release with has to be 
performed right before the BioMEMS are used to prevent the integrity of 
the fragile system. 
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Figure 22: Electron Beam Lithography system has been used to pattern nanometric 
pores on the BioMEMS. 
Conclusions 
The project of the BioMEMS for single cell analyses has been carried out. 
Silicon based non transparent devices have been designed for the PolyMUMPs 
foundry. Completely transparent devices for single cell stretching and for AFM 
applications have been designed and different microfabrication processes have 
been developed. New planar patch clamp BioMEMS with the integrated stretching 
system have been designed and the microfabrication process has been developed. 
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4.1 Aim 
Once the BioMEMS are microfabricated, other steps are needed if they must be 
used with living cells.  
i. The first consists in the releasing of the suspended structures which 
involves a wet etching treatment to remove the sacrificial layer.  
ii. After that, the devices have to be positioned in a customized liquid 
chamber.  
iii. Last step involves the functionalization of the BioMEMS which can be 
obtained with the deposition of Self-Assembly Monolayers (SAMs). The 
need of a surface treatment is due to the high affinity of cells to rough 
structures. In particular, they seem to adhere better on the sensors 
preventing the possibility of force measurements. This is due to the surface 
morphology [1–5]. To avoid this problem a chemical surface modification 
plays an important role. 
All the BioMEMS used for the investigations described in this thesis are 
biocompatible. Preliminary biocompatibility tests have been performed on the 
deposited thin films (silicon, silicon nitride, silicon dioxide) following the standard 
Italian test reported in UNI EN ISO 10993-12.  
The setup is completed with the forging of the microwires used to transmit the 
movement from the actuator to the BioMEMS. Once the device and the set up are 
ready, cells can be seeded and tested following different stimulation protocols. 
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4.2 BioMEMS preparation: release of the 
structures 
A protocol to release the suspended structures has been developed and it is 
related to the different devices we realized. This step is done with a wet etching 
which role is to remove the sacrificial layer. Different protocols have been 
developed for the silicon based devices or for the transparent and the choice 
depends on the selectivity of the reagent to the different materials present on the 
BioMEMS. 
4.2.1 Silicon Based BioMEMS 
The non-transparent devices need a preliminary treatment before the releasing 
of the suspended elements. To diminish the damage probability during the shipping 
of the BioMEMS, the foundry covers all the devices with a thin layer of polymer that 
has to be removed. This step is called stripping.  
Stripping. The BioMEMS is first immersed in acetone for 180 seconds, then 
rinsed in D.I. water for 90 seconds and dipped in propanol for 180 seconds. 
Acetone is the solvent for the polymer, water is used to remove all acetone traces  
and propanol is the alcohol used for his high volatility to completely dry the system 
to prevent stiction and contaminations. The drying is facilitated using an oven 
(130°C for 10 minutes). 
After the stripping procedure the BioMEMS release is possible.   
Releasing. The intermediate layer of silicon dioxide is removed with a 
hydrofluoric acid (HF 51-55% technical grade, Sigma Aldrich USA ) wet etching.  HF 
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is highly selective and the etching rate for silicon dioxide is much higher than the 
etching rate for silicon. The optimized protocol for these devices is presented in 
Table 1. 
 
Process 
 
Temperature [°C] 
 
Time 
 
PolyMUMPs 
BioMEMS 
HF 20 360 s 
D.I. H2O 20 300 s 
Propanol 20 120 s 
Standard 
transparent 
KOH [5M] 70 4h 45m 
D.I. H2O 20 300 s 
Propanol 20 120 s 
Transparent for 
AFM 
applications 
KOH [5M] 70 5h 30m 
D.I. H2O 20 300 s 
Propanol 20 120 s 
 
Table 1: The different protocols for the releasing of the BioMEMS structures are 
reported. 
4.2.2 Transparent BioMEMS 
To release the transparent BioMEMS structures, wet etching in a liquid solution 
of potassium hydroxide (KOH) [5M] in water is necessary.  Due to the high 
sensitivity of the system, to avoid structure damages, it is important to keep the 
devices still during all the releasing process. For this reason a particular set up has 
been prepared which allows the draining of the liquid from the baker in which the 
BioMEMS are located. After the etching procedure and the complete removal of the 
amorphous silicon, the devices have to be rinsed in de-ionized water and in 
isopropyl alcohol as reported in Table 1. This treatment facilitates the complete 
drying of the suspended structures. 
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4.3 BioMEMS preparation 
A particular surface treatment for cell adhesion is required for all the BioMEMS. 
Since silicon based devices and silicon nitride based devices are all biocompatible 
there are no problem with cell adhesion. Different cells have been tested: fibroblasts 
from mouse kidney, Hela, cardiac fibroblasts and cardiomyocytes. All of them stick 
on the surface without the need of adhesion proteins. However, this is not an 
advantage because all these cells rather stick on the sensor area then on the cell 
testing area since cells have more affinity to this particular surface topography [1] 
[2]. To avoid this unwanted phenomenon, since the presence of all the biological 
material in the sensor will prevent the measurement of the forces involved during 
the stretching, a surface treatment plays a fundamental role.  
 
Figure 1: Schematization of the different processes for the realization of thin organic 
films. 
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During this doctoral research a particular protocol has been developed. It is 
based on self-assembled monolayers (SAM) and can be divided into two main 
steps: (i) a treatment to prevent cell adhesion over the sensor and (ii) a treatment to 
guarantee the adhesion of cells only on the main platform. Both procedures will be 
described in detail in next sections. 
4.3.1 Self-Assembled Monolayers   
4.3.1.1 Structure and growth of monolayers 
Different techniques are known for the growth of organic thin films. Their 
preparation depend on the composition of the film, on the substrate and on the state 
of the material (liquid, solid, gas) (see Figure 1): 
1. Langmuir films, amphiphilic molecules are dispersed in a liquid 
solution. The hydrophobic head, for his affinity with the surface that 
has to be treated, sticks on the sample. 
2. Langmuir-Blodgett films (LB), Langmuir films are transferred to a 
substrate which is dipped into the liquid solution. With this technique 
multilayers can be obtain playing with the number of dippings into the 
solution. 
3. Organic Molecular Beam Epitaxy (OMBE), this technique is based 
on the evaporation of the organic material on the surface of the sample 
in ultra-high vacuum. 
4. Self-Assembled Monolayers (SAM), the main characteristic is due to 
the preferential affinity of a headgroup for the substrate; these films 
can be grown from solution or from gas phase. 
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The advantage of these films is basically the ease of preparation, the tunability 
of surface properties and the possibility of using these films as building blocks in 
more complex structures. The reduced cost is another important factor which 
increased the popularity of these films [6]. 
4.3.1.2 Experimental approach 
 
 
 
Figure 2: NIH 3T3 Fibroblasts in adhesion on a glass patterned substrate with 
fibronectin. In green the fibronectin, in red the actin and in blue the focal adhesion of 
the cell can be appreciated. 
 
This procedure have been optimized for silicon based BioMEMS but can be 
used also on the silicon dioxide/silicon nitride devices.  
From literature [3], [7] is well known that Pluronic F127 can be used to prevent 
cell adhesion and to pattern different surfaces with adhesion proteins. In Figure 2 is 
possible to appreciate some fluorescent images of 3T3 fibroblasts on glass. The 
pattern has been performed with fibronectin using classical photolithographic 
techniques. 
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In order to adhere, Pluronic needs an active surface [8]. For this reason a 
preliminary treatment with a silane (octadecyltrichlorosilane - ODS) plays a 
fundamental role. The goal is to silanize the device surface, also a plasma oxygen 
treatment can be performed. We decided to follow the chemical treatment because 
the O2 plasma was not available at the time this protocol has been developed. 
4.3.1.3 Octadecyltrichlorosilane (ODS) SAM 
Octadecyltrichlorosilane is an amphiphilic molecule consisting of a long chain 
alkyl group and a polar head group CH3(CH2)17SiCl3. It’s flammable and reacts with 
water due to its sensitivity to air.  
This silane has been extensively used in chromatography (to prepare the 
reverse phase of HPLC columns) and to treat hydroxylic substrates for 
environmental analyses, study of protein/surface interactions, antithrombogenic 
biomaterials, lubricants or water repellant coatings, glass reinforced composites, 
chemical biosensors [9]. 
The nature of interactions between ODS and substrate can be described by a 
three steps mechanism: (i) hydrolysis of the chloro species of the ODS at the 
hydroxylic substrate surface to generate silanetriol which (ii) physisorbs onto the 
substrate via hydrogen bonding and (iii) forms cross-linked covalent bonds:  
Sisubstrate – O – Sisilane and Sisilane – O – Sisilane [10]. 
In this research ODS has been used as monolayer to increase the 
hydrophobicity of silicon / silicon dioxide substrates [11]. An example of ODS 
monolayers is shown in Figure 3. 
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Figure 3:  5 µm x 5 µm AFM images of ODS (1mM solution) on Si (100): (a) after 15s of 
immersion; (b) after 1 min; (c) after 5min; (d) after 35 min. Modified from [12]. 
4.3.1.4 Pluronic F127 
Pluronic® trade mark includes a large family of biologically compatible 
amphiphilic polymers, triblock copolymers of ethylene oxide (EO) and propylene 
oxide (PO). They can be manufactured in a wide variety of forms and corresponding 
physicochemical properties and are capable of forming micelles in aqueous 
solutions, where PO units form a hydrophobic micellar core while EO units form a 
hydrophilic “crown”. Pluronics have been known to be advantageous candidates as 
carriers for controlled drug delivery, in particular, they facilitate transmembrane 
transport of cytostatic antibiotics into tumor cells thus enhancing their therapeutic 
action [13]. 
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Figure 4: Generic structure of a Pluronic polymer.  
Pluronic F127 is a non-ionic surfactant consisting of poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) (PEO99-PPO67-PEO99) triblock 
copolymers. 
It is known that aqueous solutions of Pluronic F127 at polymer concentrations 
of 18–30% (w/w) undergo a reversible sol–gel transition in response to temperature 
changes from about 5 °C to 20 °C [14], characteristic which has to be kept into 
consideration during the samples preparation. It has been demonstrated [15] that 
inert surfaces, based on Pluronic treatment, are useful to prevent cell adhesion 
meanwhile the biocompatibility is guaranteed. 
4.3.1.5 Functionalization protocol 
During this research thesis a protocol for the functionalization of the BioMEMS 
has been developed based on the use of ODS and Pluronic F127: ODS is used to 
guarantee the adhesion of Pluronic on the devices (Figure 5). 
A customized protocol has been developed for the functionalization of silicon 
and glass and it can be applied to the BioMEMS after their stripping and releasing. 
The first step involves the immersion of the samples in a solution of ODS 
(0,2%wt in hexane) for 60 minutes. After this step, the samples have to be rinsed in 
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hexane to remove the excess of material and dried under a laminar hood (N2 gun 
cannot be used for drying the samples due to the fragility of the devices). 
Material Contact angle (180-α) [°] 
SiO2 162.80±3.01 
SiO2 treated with ODS 88.81±2.44 
Si 152.60±3.54 
Si treated with ODS 55.07±7.77 
 
 
 
Table 2: Contact angle measurements performed on different substrates before and 
after ODS treatment. 
After the treatment with ODS, the formation of a monolayer can be confirmed 
with drop analyses: measurements of contact angle have been performed to verify 
the wettability of the surface.  A thermal microscope has been used (Misura, Italy) 
and the results of the measurements are shown in Table 2. The layer of ODS has 
been formed since the SiCL3 group of the alkylsilane reacts with the silanol groups 
present on the surface [3].  
The devices can now be functionalized with Pluronic F127 (Sigma-Aldrich, 
USA): a solution of 4% in water is used and samples are treated for 90 minutes at 
37°C. After this step the samples have to be rinsed in deionized water and dried. 
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Figure 5: Scheme of the multilayer formation on the treated substrates.  
After all these steps, cell adhesion has been tested to confirm the efficiency of 
the process. The system is still biocompatible and substances that induce cell death 
or apoptosis are not released by the formed layer. 
4.3.2 Local Surface Pattern 
Two different patterning techniques have been tested: one based on AFM 
micro-grafting and one based on micro-drops.  
The first is a patterning technique AFM assisted. The cantilever tip is used to 
scratch the surface to locally remove the monolayer so cells may adhere on the 
testing area. A NT-MDT solver pro system (NT-MDT, Russia) has been used for this 
operation and we have been able to pattern the surface at a velocity of 106 µm/s 
applying a force of 30 µN (Figure 6).  
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Figure 6: Array of squares 4x4µm reproduced on a glass slide with micro-grafting 
techniques. 
 
After some preliminary tests on silicon and silicon dioxide slides we started 
testing BioMEMS but we noticed that the entity of the shear force due to the scratch 
of the cantilever tip to the surface is too high and causes the breaking of the 
suspended structures, therefore, we decided to focus on maskless patterning 
techniques.   
Using a customized micro-needle filled with adhesion proteins (such as 
fibronectin or gelatin), and a pressure controlled system called Picospitzer
TM 
II 
(General Valve Corp., USA) it has been possible to spry small amounts of protein 
on the surface. The patterned features are circular areas with a diameter in the 
order of 100±20 µm; dimension which will fit the cell testing area. 
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4.4 Experimental setup 
After the local functionalization of the devices they can be placed in a liquid 
chamber since all cell test are performed in the physiological conditions. The liquid 
chamber used is the customized system shown in Figure 7-A.  
The BioMEMS is set in the plastic container using polydimethylsiloxane (PDMS) 
Sylgard 184 (DowCorning, USA), a bi-component silicon elastomer known for its 
biocompatibility properties. 
(A)
 
(B) 
 
 
 
Figure 7: (A) Cartoon of the liquid chamber used to test the BioMEMS (the device is 
represented in blue). (B) Optimized set-up for the cell stretching apparatus. 
 
To polymerize a curing process has to be performed at 120ºC for 40minutes but 
since the plastic chamber at that temperature melts we developed a different curing 
protocol: 40ºC for 12 hours. In this way all the monomer reticulates and there will 
not be toxic monomers diffusing inside of the cell culture media during the 
experiments. 
The link between the BioMEMS and the external piezo actuator is performed 
thanks to a glass wire connection. The glass wire is realized using a puller, the PC-
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10 (Narishige, Japan), to control the length and the thickness of the tip. After this 
semi-automatic step the wire has to be bended. The bending angle of the wire has 
to be around 70º in order to be able to clamp the BioMEMS into the actuation area 
and in order to prevent optical diffraction effects due to the angle of inlet of the wire 
into the liquid. The wires are connected to the external actuator and the micro-
manipulator to transmit the displacement from the actuator to the actuation area of 
the BioMEMS.  
A customized software has been realized to control the piezo electric motor and 
be able to perform different mechanical stretching on a single cell. This software, 
based on the National Instruments platform, can be easily adapted for different 
stimulation protocols. Linear and cyclic displacement can be performed. It controls 
the applied force or displacement and, at the moment, it is possible to stretch a 
single cell also cyclically following a sinusoidal, square wave or triangular pattern. 
Step by step stretch is also possible (i.e. final deformation  x µm performed in y 
steps of x/y µm each with a fixed delay between each step).  
For each protocol there is a feedback which allows better controlling the system 
since the piezo has a closed loop and at the end of each stretching protocol comes 
back to the original position. 
Resuming, the BioMEMS after stripping and release steps are treated to 
prevent the cell adhesion over the sensors. The devices are glued to a liquid 
chamber and the system is sterilized to prevent contaminations. 
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4.4.1 Cell seeding 
Different cell types have been tested: 3T3 mouse fibroblast, cardiac fibroblasts, 
cardiomyocyte and Hela. The cells have to be seeded on the BioMEMS and to 
perform this step, cells, usually cultured in 25cm
2
 flasks, have to be suspended in 
the culture media. 
The main steps for cell seeding, reported in the next paragraph, are for 3T3 
mouse fibroblast but a similar protocol can be followed for different cells. 
4.4.1.1 3T3 fibroblast on BioMEMS 
3T3 fibroblasts are cultured in Dulbecco modified media DMEM (Gibco® Life 
Technologies, USA) enriched with 10% fetal bovine serum (FBS, Gibco® Life 
Technologies, USA) and 1% penicillin-streptomycin (Gibco® Life Technologies, 
USA). 
The first step is the extraction of the cell culture media from the flask. Cells 
have to be rinsed with a buffered solution (PBS, Gibco® Life Technologies, USA) to 
remove all traces of serum present in the culture. After this step 1ml of Trypsin-
EDTA 1x (Gibco® Life Technologies, USA) has to be added and the flask incubated 
at 37ºC for 2-3minutes. This step allows the enzyme to detach the cells from the 
substrate. When the cells have become completely round, the flask has to be gently 
rapped to dislodge the cells from the surface of the flask. Trypsin can be neutralized 
with 2ml of cell culture media (added with 10% of FBS): the serum blocks the 
enzyme reaction.  The solution is then added to a conical tube and centrifuged for 
3minutes at 1000rppm so the cells are pelleted. Once the supernatant is removed 
cells can be re-suspended in 3ml of complete cell culture media (with serum and 
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antibiotic), the solution has to be pipetted several times to have a good dispersions 
of the cells. 
At this point cells are ready to be seeded on the BioMEMS: a drop of 400µl of 
solution is placed on the device, which is completely covered by the solution, the 
liquid chamber is half filled  with cell culture media and the system incubated at 
37ºC. After 30 minutes the whole chamber can be filled with warm media and 
incubated overnight to have a good adhesion of the cells. 
Once the cells are well spread on the cell testing area, the liquid chamber is 
removed from the incubator and placed under the microscope where all the tests 
can be performed. 
4.4.2 Cell testing 
As previously mentioned the actuator, mounted on a micromanipulator and 
regulated by a custom made software, is put in contact with the BioMEMS and the 
stimulation protocol can start (Figure 7-B). Depending on the BioMEMS and on the 
cell type, different tests can be performed: pure mechanical cell stretch can be used 
to record information about the cells internal modifications during the stimulation 
using biochemical essays. Calcium transients during the stretch can be investigated 
using also the silicon based devices. Experiments in frequency are possible and for 
example is possible to mimic the heart beat (stretching frequency of 1Hz or higher) 
which can be interesting for the study of cardiac cells and to compare the behavior 
of cells from an healthy heart and the one of cells affected by cardiomyopathies. 
The transparent devices are even more versatile. Biochemical essays are still 
possible but at the same time patch clamp investigations or atomic force 
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microscopy can be performed. In fact the transparent devices have been designed 
to adapt to a various number of cell types and experiments.  
Conclusions 
In this chapter all the procedures for the releasing of the BioMEMS have been 
described and also the set up for the measurements on single cells has been shown 
in detail. A customized protocol for the treatment of each device was found and all 
the biocompatible devices can be used to test a large variety of cells. 
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5.1 Aim 
In this chapter the main results achieved during this PhD research will be 
presented. The first part of the chapter will show the devices realized and some 
characterization analyses performed while the second part will show some 
preliminary studies on single cells.  
5.2 Prototypes 
During this research different prototypes have been realized either transparent 
or not transparent and all devices have been tested with living cells.  
5.2.1 Silicon based devices 
As mentioned in Chapter 3, the silicon based BioMEMS have been designed  
using finite elements modeling and the outcome has been sent to the foundry for 
their realization. 
Protocols for the stripping and the release of the structures have been 
developed and the devices have been functionalized and tested. 
In Figure 1 some of the silicon BioMEMS designed are presented. The testing 
system presented in Figure 1-a shows (from the top) the sensor, the cell testing 
area (a detail of sensor and testing area is presented in Figure 1-c) and the 
actuation area  with four repositioning springs. 
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(a)
 
(b)
 
(c)
 
(d)  
 
(e) 
 
Figure 1: Optical images acquired with a reflection microscope of some prototypes of 
silicon based BioMEMS.  
 
Figure 1-b and Figure 1-d show different types of testing areas for applying 
uniaxial and biaxial  stresses. However, the sensors of  these  devices  lacked 
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enough dimples to avoid stiction, and therefore the whole system has been re-
designed with more dimples and at the same time the device have been modified to  
get a more compact geometry shown in Figure 1-e [1]. 
5.2.2 Transparent devices 
For the reasons mentioned in Chapter 3, completely transparent devices have 
been design and realized. Starting from a Pyrex wafer, a silicon mold has been 
produced and the negative of anchors and dimples were obtained. In Figure 2 some 
images of anchors and dimples are presented. On the top of the mold, silicon nitride 
could be deposited via PECVD and the final structures could be  obtained. 
 
 
 
Figure 2: Scanning Electron Microscopy pictures of the silicon mold for dimples (left 
side) and anchors (right side). 
 
In Figure 3 some details of the final devices are shown, while in Figure 4 and 
Figure 5 the whole final devices are presented. In particular Figure 4 shows a 
device that can be used to test the shear properties of a single cell. A shear stress 
can be applied on a single cell adherent on the  testing area due to the particular 
shape of this BioMEMS section. 
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Figure 3: Detail of the displacement detecting elements (on the left) and of the sensing 
springs (on the right) [2]. The detecting elements are composed by two columns of 
teeth spaced 2µm. the actual detection is performed by an optical system which allows 
to analyze the relative displacement of the two columns of teeth. 
 
 
Figure 4: BioMEMS for shear stretching tests. From the top is possible to recognize 
the sensor, the cell testing area and the actuator. These two elements are directly 
connected [3]. 
5 Results 
 
98  
 
5.2.2.1 First generation 
The transparent BioMEMS, realized in the TASC Laboratories in Trieste, are 
shown in Figure 5. The maximum opening of the testing platforms is only 10µm. this 
limitation is due to the dimensions of the repositioning springs. 
  
Figure 5: Optical images of the transparent silicon dioxide - silicon nitride devices. On 
the left [1] the sensor is located between the testing area and the actuation area while 
in the picture on the right the sensor is located on the top of the device while testing 
area and actuation area are directly connected. 
5.2.2.2 Second Generation 
Due to the aforementioned problems, a second generation of transparent 
devices have been devised. The repositioning springs have been re-designed: the 
external harms are wider to allow larger displacements (up to 60µm) (Figure 6). 
This upgrade gives more versatility to the system that now can be used with a larger 
variety of cells, from cardiomyocytes to myoblasts.  
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Figure 6: Optical image of a second generation completely transparent BioMEMS. 
5.2.2.3 AFM transparent devices 
A different type of BioMEMS have been designed and realized in order to 
combine mechanical stretching and AFM investigations (either morphological or 
electrical using for example a conductive AFM to map the activity of MCSc). These 
devices are longer that those previously described in order to guarantee enough 
room for the AFM head to operate and perform the measurements and to allow the 
device actuation itself using a glass micro-wire connected to a piezo actuator and a 
micromanipulator, as described in Chapter 3 (Figure 7 and Figure 8). 
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Figure 7: The top image shows the cross section, not in scale, of the BioMEMS for 
AFM. The bottom images are obtained with an optical microscope and show (i) the cell 
testing area, (ii) the sensor, (iii) a section of the transmission shaft and (iv) the 
actuation area. 
 
Figure 8: Optical image of the BioMEMS for AFM. 
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5.3 Characterization 
The transparent BioMEMS have been analyzed to test the transparency 
properties. In particular studies on the transmittance in the visible wavelengths have 
been performed. 
5.3.1 Transparency measurements 
A UV/VIS Spectrometer Lamda Bio 20 (Perkin Elmer, USA) has been used and 
different samples have been tested to investigate the changes in transmittance (the 
portion of the incident radiation that passes through the sample) and absorbance 
(defined as the portion of incident radiation absorbed by the material) between the 
reference (a commercial Pyrex wafer) and the actual sample (Pyrex wafer with 
silicon nitride thin film). 
Transmittance has been evaluated for films obtained using different recipes. 
500nm of Si3N4 have been deposited on a Pyrex wafer, sample C075 has been 
made with 15sccm silane (5% in Argon) and 7sccm ammonia as precursors and 
sample C05 with 6sccm silane (5% in Argon) and 6sccm ammonia. The data related 
to transmittance and absorbance have been compared with the transparency 
results of the Pyrex wafer. Also changes in refractive index have been investigated 
using an analytical process described below.  
5.3.1.1 Discussion 
The samples analyzed have a high transparency, parameter shown by the 
values in percentage of the transmittance which are above 80% between 350nm 
and 800nm wavelengths. In Figure 9 some of the results are presented. A 
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percentage of incident photons are reflected at the interface between the bulk 
material and the thin film, some of the photons are trapped in the interface and the 
response in the total transmittance for the visible wavelengths presents a wave like 
behavior. In fact when the incident radiation (h) reach the thin film, a portion of that 
radiation is transmitted (Tf) through the film while a portion is directly reflected (Rf). 
Rf,a is the radiation reflected at film-substrate interface. Tf,a is the portion of radiation 
Rf,a reflected from the interface air-film and transmitted through the film (Ra,f = Rf,a-
Tf,a). The percentage of transmittance is 5% higher for sample R075 than for R05, in 
average.  
5.3.1.2 Refractive index 
To extract the refractive index from the transmittance-absorbance data, an 
analytical analysis has been performed. The analyses procedure is based on Vriens 
and Rippens [4] and Swanepoel [5] works.  
(1)      nˆ n ik   
The complex refractive index can be defined as the sum of the real refractive 
index ‘n’, and the extinction coefficient, ‘k’ (Equation 1). 
(2)     
1 1
2 2 2 2[ ( ) ]n N N s    
The ‘n’ is given by Equation 2, where ‘N’ is evaluated using Equation 3 and ‘s’ is 
the refractive index of the substrate. In this case we used ‘s’ values from of Corning 
Pyrex 7740 data sheet. TM and Tm are respectively the values of transmittance 
related to the maximum and the minimum peaks for each thin film data.  
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Figure 9: Transmittance data for the reference and the samples C05 and C075. 
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Figure 10: Tm and TM analyses for the sample C05. 
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Figure 11: Tm and TM analyses for the sample C075. 
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The first step was the extrapolation of the curves related to TM and Tm for each 
thin film data (see Figure 10 and Figure 11). 
     (3)    
2 1
2
2
M m
M m
T T s
N s
T T
    
Refractive index value from the datasheet for the reference is 1,474 and 1,000 
for samples R075 and R05 both in the range between 300 and 800 nm. There is no 
quantifiable difference for the two thin film compositions and the decrease of 
refractive index for the samples from the reference is an index of good optical 
properties of the film.  
5.3.2 Results 
Measurements of transmittance and absorbance have been performed on 
silicon nitride thin films deposited on Pyrex glass. The visible wavelengths have 
been investigated to been able to define the optimal recipe for silicon nitride films. 
The samples R075 showed higher transparency properties than samples R05, 
while the analyses related to the refractive index didn’t show any relevant 
information about differences between the two films.  
In general the silicon nitride produced using PECVD showed an average 
transmittance, for the visible wavelengths, higher than the 80%. 
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5.4 Cell morphology 
In Paragraph 4.4.1 the process of cell’s seeding on the BioMEMS is described. 
Devices have been tested and some preliminary tests on single cells have been 
performed. In particular, using the PolyMUMPs devices, some morphological 
analyses has been carried out. 
(a)
 
(b)
 
 
 
Figure 12: (a) 3T3 fibroblasts plated on a silicon device. A single cell is located in the 
middle of the cell testing area. (b) Same chip with fluorescent cells, stained with 
FastDiI™ (Molecular Probes®, USA) to highlight the cellular membrane. 
 
5.4.1 Experiment description  
Once the glass wire is in contact with the BioMEMS, different stretching 
protocols can be applied: force controlled or displacement controlled. The cell can 
be stimulated with linear deformation or cyclic protocols as triangular, square wave, 
or sinusoidal stretching modes. The stimulation protocol followed for the 
morphological studies of single cells is presented in Table 1. 
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Stretch mode Linear 
Theoretical Amplitude of each step 5µm 
Velocity of Deformation 2µm/s 
Time Delay between each step 20s 
Number of stretching for each cell 3 
Time Delay between each experiment 60s 
 
Table 1: Stretching protocol followed for fibroblasts solicitation. 
 
 
 
 
 
Figure 13: Optical images of the sequence of the stretching protocol for a single 
fibroblast in adhesion. In the first image the cell is not stretched while the transition to 
the final deformation is shown in images 1 to 8. The transition from maximum 
deformation to resting position is shown from image 9 to 16. In resting position the 
gap between the platforms is 2µm and it increase up to 10µm at the maximum stretch. 
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After 12 hours, all cells are perfectly spread on the surface of the device and 
can be tested. For each stretching step we acquired an image that is used to 
evaluate the morphological changes of the mechanically deformed cell as shown in 
Figure 13 (steps 1-16).  
5.4.2 Results 
Different cells have been tested and for every cell, using a CAD software, the 
perimeter and area for each step have been measured. As expected, there is an 
increase of both parameters, during the stretching but the rate is different. 
In particular I decided to investigate the ratio between area and perimeter (A/P) 
and a hysteretic behavior has been assessed: the values of A/P are higher during 
the stretch than during the relaxation.  Some examples can be seen in Figure 14 
and Figure 15 and this pattern remains constant even if the same cell is stretched 
many times. What changes are the average values of A/P which increases during 
the second stretch and decreases again with the third stimulation. 
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Figure 14: Example of a curve obtained stretching a living cell. During the relaxation 
the points of the curve follow a higher path than during stretch. This can be seen as a 
hysteresis like behavior for the ratio A/P.  
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Figure 15: Example of a curve obtained stretching a living cell. As in Figure 14, during 
the relaxation the points of the curve follow a higher path than during stretch. 
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Figure 16: In the graph is plotted the typical trend of the shape factor during the 
stretching. SF values are basically constant which means that the cells can effort the 
stretching without suffer for the stimulation. 
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To check fibroblasts vitality during the experiments a parameter called Shape 
Factor (SF) has been investigated. It has been proposed for the first time by 
Kearney in 2008 [6]: 
(4)      4πA/P
2
            
Shape Factor could span between 0 and 1 where 0 stands for a completely 
rounded cell (a sign that the cell is dying) and 1 means that the cell edge is highly 
ragged. During the experiments, there are no significant changes in the value of SF, 
its values can be considered constant so it can be assumed that the applied stimuli 
does not affect the cell (Figure 16).  
5.4.3 Discussion  
During the analyses of the data referred to the morphological changes, a 
hysteretic behavior for the ratio area/perimeter has been noticed. 
This behavior can be explained with a different growth rate of the area and of 
the perimeter due to changes in the raggedness of the cellular membrane. This is a 
response to the applied stress: cells’ internal structure changes as a response to 
the stimuli. It is confirmed by a recent work: it has been shown that a locally applied 
deformation to the cellular membrane induces local actin polymerization [7].  
Modifications not only in two-dimensional properties but also in three-
dimensional characteristics are expected, for this reason further investigation will be 
assessed and the BioMEMS will be coupled with AFM imaging for a more complete 
morphological characterization. 
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The use of the transparent BioMEMS could improve the information given by 
morphological experiments.  In fact the high percentage of transmittance of the 
transparent devices (which is higher than 85% for the visible wavelengths), is very 
useful to decrease the error in the measurements. Higher magnification objectives 
can be used and also fluorescent measurements can be performed to record at high 
magnification the modifications of the cell’s internal structure, in particular for tubulin 
and actin.  
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Conclusions 
The objectives of this doctoral research involve the development of tools, in 
particular micro-nano devices, for the study of mechanical properties of single living 
cells and for the analyses of mechanosensitive ionic channels.  
I have been able to devise different BioMEMS capable of performing a 
controlled mechanical stimulation on living cells. These devices work for cells in 
adhesion and allow performing different modes of stimulation, from linear 
deformation, to cycles and are able to record the mechanical properties of 
eukaryotic cells. Cells such as fibroblasts, Hela or cardiomyocytes have been 
tested. The devices are biocompatible and versatile and can record forces from 
500nN to 1500nN. 
Silicon BioMEMS allowed evaluating morphological modifications of the 
stretched cells, and hysteretic behavior has been assessed. However this devices 
showed some limitation. They are not transparent and for this reason they cannot 
be tested with transmission microscopes, commonly  used in cell biology. They 
cannot be coupled with other investigation techniques as patch clamp analyzers or 
scanning probe microscopes or differential interference contrast (DIC) or phase 
contrast, just to mention some.  Furthermore some issues due to the stick of cells 
on the sensors have been noticed.  
To solve the first issue some different BioMEMS have been designed and 
realized. All microfabrication parameters have been optimized in the clean room 
facilities of CNR-TASC in Trieste, Italy and Calit-Nano3 in San Diego, CA USA. 
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These devices are completely transparent and microfabricated on a silicon dioxide 
wafer, the structures are in silicon nitride. The transparency of the systems has 
been tested and for the visible wavelengths is higher than the 80%.  
To solve the problem of the cells adherent on the sensor, a customized 
protocol of surface functionalization has been developed. It is based on the 
interaction between the silanized surface and Pluronic copolymers. After this step 
adhesion proteins can be deposited on the cell testing area so cells are induced to 
attach in the predefined region and not all around the device. 
Once the microfabrication process has been optimized some other devices 
have been designed. The project of planar patch clamp BioMEMS have been 
assessed. These devices will grant the mechanical stress of the living cell and the 
contemporaneous recording of the activated mechanosensitive channels.  
Transparent BioMEMS that can be coupled with AFM have been designed 
too and microfabricated. The dimension of these particular devices  guarantee a 
perfect coupling with atomic force microscopy. During the mechanical stimulation, 
the map of the cell surface can be performed and, if a conductive AFM is used, also 
the activity of MSCs can be mapped. 
Concluding, during this PhD research BioMEMS have been designed, 
microfabricated and tested with living cells. In future it will be interesting perform 
actual measurements on single cells focused on MSCs’ activity and investigate the 
young modulus modifications of cells due to drug treatment or diseases. 
 
